Abstract The tumor microenvironment (TME) is a very complex niche that consists of multiple cell types, supportive matrix and soluble factors. Cells in the TME consist of both host cells that are present at tumor site at the onset of tumor growth and cells that are recruited in either response to tumor-or host-derived factors. PCa (PCa) thrives on crosstalk between tumor cells and the TME. Crosstalk results in an orchestrated evolution of both the tumor and microenvironment as the tumor progresses. The TME reacts to PCa-produced soluble factors as well as direct interaction with PCa cells. In return, the TME produces soluble factors, structural support and direct contact interactions that influence the establishment and progression of PCa. In this review, we focus on the host side of the equation to provide a foundation for understanding how different aspects of the TME contribute to PCa progression. We discuss immune effector cells, specialized niches, such as the vascular and bone marrow, and several key protein factors that mediate host effects on PCa. This discussion highlights the concept that the TME offers a potentially very fertile target for PCa therapy.
Introduction
The tumor microenvironment (TME) is a very complex niche that consists of multiple cell types, supportive matrix and soluble factors [1] . Cells in the TME consist of both host cells that are present at tumor site at the onset of tumor growth and cells that are recruited in either response to tumor-or host-derived factors. All host cells may play a role in the TME, dependent on tumor location, including stromal cells, stem cells, vascular cells, immune cells, etc. Traditionally, cancer therapies have targeted the tumor cells themselves; however, in the last few years, the concept of targeting the TME, in addition to the tumor cells, is being explored and exploited. Thus a comprehensive understanding of the TME is necessary in order to develop the most efficacious therapies.
Prostate cancer (PCa) thrives on crosstalk between tumor cells and the TME. Crosstalk results in an orchestrated evolution of both the tumor and microenvironment as the tumor progresses. The TME reacts to PCa-produced soluble factors as well as direct interaction with PCa cells. In return, the TME produces soluble factors, structural support and direct contact interactions that influence the establishment and progression of PCa. There are several excellent reviews on tumor:TME crosstalk [2, 3] . In this current review, we will focus on the host side of the equation to provide a foundation for understanding how different aspects of the TME contribute to PCa progression.
Immune Cells
Inflammation has been suggested to contribute to PCa initiation and progression for many years [4, 5] . Inflammation can potentially contribute to PCa pathophysiology through several mechanisms including generation of reactive oxygen species that lead to mutagenesis; production of cytokines by inflammatory cells; and enhancement of migration into the tumor of additional supportive host cells. Immune cells compromise the cellular arm of the inflammatory response and we highlight here some of these cells and how they have been thought to contribute to PCa.
T cells and PCa
Tumor infiltrating lymphocytes (TIL) are a well-recognized facet of tumor histology; however, how TILs contribute to the PCa progression is not well defined. One T cell that has received a lot of attention is the T-regulatory (T-reg) cell. In general terms Tregs are CD4(+) T cells defined as inhibitors of the T effector cell activity; however, specific definitions based on cell surface markers constantly change due to heterogeneity of the Treg population [6] . This constant evolution of defining the Treg phenotype can create a challenge in interpreting the literature and one must be aware of how the Treg is being defined in any particular publication. Tregs generally suppress anti-tumor responses.
In support of the importance of Treg cells in PCa, Tregs, in this instance defined as CD4+CD25high and in vitro immunosuppressive function, were found to be increased in PCa tissue compared to non-cancerous prostate [7] . Additionally, to determine the phenotype of TILs, Sfanos et al. performed multiple biopsies of PCa and then subjected them to flow cytometry [8] . They found that tumor infiltrating Tcells were skewed towards Treg (FoxP3+) and Th17 cells as opposed to CD4+ cells. This finding was extended in the peripheral blood, where Treg cells, defined as CD4+CD25high, were increased in men with PCa compared to normal donors [7] . Further studies revealed that tumor infiltrating Treg cells, defined as CD8+ Foxp3+ cells, suppressed naive T-cell proliferation mainly through a cell contact-dependent mechanism [9] although in the murine TRAMP model of PCa CD4(+)CD25(+)Foxp3(+) Tregs were found to be dispensable for induction of tumorspecific tolerance [10] . In another evaluation of function by Yokokawa et al., levels of Tregs, defined as CD4+CD25 (high)FoxP3+, in the peripheral blood of healthy donors and patients with biochemically progressive, localized, and metastatic PCa were each measured by flow cytometry [11] . The functional activity of Tregs was determined by their ability to suppress the proliferation of CD4+CD25-T cells. They found that Tregs in patients with PCa had significantly greater suppressive functionality than Tregs from healthy donors. These results indicate the presence of tumor or changes due to tumor therapies can modulate Treg function and suggest that larger clinical trials to validate these findings should be performed. Along these lines, the T cell response can be altered by androgen manipulation. It has been shown that androgen ablation in a mouse model induced a transient increased in CD4+ and CD8+ in residual tumor [12] . More than 2 months later, Treg cells, defined as FoxP3+ cells, were increasingly found within prostate epithelium, whereas cytotoxic T-lymphocytes, which were evenly distributed before androgen ablation, became sequestered within stroma. Thus, these manipulations could impact an immunotherapy regimen and should be considered upon treatment of PCa patients with immunedependent regimens.
In addition to Treg cells another, CD4(+) T cell, Th17 cells, may impact PCa biology and therapeutics. Th17 cells are CD4(+) effector cells that produce extensive amounts of IL-17 which is a proinflammatory cytokine that attracts and activates granulocytes and monocytes. An initial clue to the importance of Th17 cells came from an early study that demonstrated that injection of a fusogenic glycoprotein in combination with an heat shock protein 70 (HSP70), as an immune adjuvant, induced an anti-tumor T cell immune response that was associated with increased IL-17 expression [13] . As indicated earlier, Sfanos et al. found that tumor infiltrating Tcells were skewed towards Treg (FoxP3 +) and Th17 cells as opposed to CD4+ cells in PCa tissues. In order to determine the prognostic implications of the pretreatment level of Th17 cells compared with regulatory T-cell status in PCa patients receiving active whole cell immunotherapy, Derhovanessian et al. compared the proportion of Th17 cells and Treg cells in the peripheral blood of hormone-resistant non-bone metastatic PCa patients prior to immunotherapy [14] . They found that the frequency of Th17 cells inversely correlated with time to disease progression. Furthermore, those patients that responded to immunotherapy with significant reductions in PSA velocity showed a Th17 profile similar to healthy male controls and significantly different from patients that did not respond. In contrast, although the frequency of Tregs in peripheral blood was higher in men with PCa compared to healthy age-matched controls, there was no difference among responders and non-responders. These data indicated that Th17 cells may be prognostic for therapeutic response to active whole cell vaccine; whereas, Treg cells would have limited utility in this arena.
Macrophages and PCa
Macrophages found within the TME, termed tumor-associated macrophages (TAMs), influence diverse processes such as angiogenesis, tumor cell proliferation, and metastasis during tumor progression [15] . Studies using clinical cases have revealed TAMs may offer some prognostic benefit. The amount of TAMs present in PCa tumor biopsies has been shown to be a useful predictive factor for PSA failure or progression of PCa after hormonal therapy predictive for tumor response [16] . Similarly, the density of macrophages in the presence of metastasis in PCa tumors provided prognostic information [15] . These results suggest that macrophages contribute to PCa progression.
TAMs produce a variety of proinflammatory cytokines including monocyte chemoattractant protein-1 (MCP-1); macrophage inhibitory cytokine-1 (MIP-1); IL-6 and IL-8 that may impact the overall cancer cell's growth and function, including invasive ability. For example, incubation of the LNCaP PCa cell line with media from activated macrophages induced an NF-KB-driven pro-inflammatory response in the LNCaP cell lines [17] . Additionally, therapies may impact the TAM's ability to produce factors that favor PCa growth. For example, TAMs harvested from irradiated tumors induced more rapid tumor growth than TAMs from non-irradiated tumors in a mouse model of PCa [18] . This was associated with increased production of Arg-1, COX-2 and iNOS from irradiated TAMs. In another instance, in vitro studies were used to demonstrate that the bisphosphonate zoledronic acid suppressed MMP-9 expression by PCa TAMs and enhance the TAMs polarization to the anti-tumoral M1 phenotype [19] . To explore the role of macrophages in PCa, Halin et al. injected Dunning R-3327 AT-1 rat PCa cells into the prostates of syngenic and immunocompetent Copenhagen rats and analyzed vascular proliferation and macrophage density [20] . Endothelial proliferation increased with tumor size both in the tumor and importantly also in the extratumoral normal prostate tissue. Macrophages accumulated in the tumor and in the extratumoral normal prostate tissue and were most abundant in the invasive zone. Moreover, only extratumoral macrophages showed strong positive associations with tumor size and extratumoral vascular proliferation. Treatment with clodronate-encapsulated liposomes, which kills macrophages, reduced the monocyte/macrophage infiltration and resulted in a significant inhibition of tumor growth. This was accompanied by a suppressed proliferation in microvessels and in the extratumoral prostate tissue also in arterioles and venules. The tumor cells were found to produce multiple factors that promote monocyte recruitment, angiogenesis, and tissue remodeling. In another it was reported that coculture of PC-3, DU145, and LNCaP PCa cells with isolated human monocytes significantly stimulated PCa cell invasion activity [21] . Taken together, these findings suggest that TAMs contribute to the progression of PCa in experimental models.
In some instances, PCa cells have been shown to co-opt normal cellular mechanisms to achieve progression. In the context of macrophage migration, CC chemokine ligand 2 (CCL2; also known as monocyte chemotactic protein-1 (MCP-1)) which promotes migration of monocytes as a chemotactic factor, has been shown to be secreted from human bone marrow endothelial cells [22] and its expression can be induced by PTHrP [23] . It was shown that CCL2 can promote PCa proliferation and invasion into the bone [24] .
Due to their propensity to infiltrate tumors, some investigators have sought ways to use macrophages to target therapeutics to tumors. In one example, macrophages laden with hypoxia-regulated adenovirus expression construct were found to target hypoxic areas of PCa tumors in mice [25] . In the areas of hypoxia, the oncolytic adenovirus, which was restricted to prostate cells as it was driven by prostatespecific promoter elements, was activated and infected target tissues. In another study using macrophages as a delivery vehicle, Satoh et al. performed intratumoral injection of macrophages transduced with murine IL-12 recombinant adenoviral vector in the orthotopic 178-2 BMA mouse PCa model [26] . The adenoviral-IL-12-transduced macrophages induced significant suppression of primary tumor growth and spontaneous lung metastases compared. The tumors demonstrated significantly increased infiltration of CD4+ and CD8+ T cells compared with controls. These results indicate that the macrophage may be useful as a delivery vehicle for therapeutics and can upregulate immune function.
The Vascular Niche in PCa Angiogenesis has been described as one of the "hallmarks of cancer" as the delivery of nutrients and oxygen, and the removal of waste products, are required for cellular function [27] . Therefore, the sprouting of new vessels (angiogenesis) is a critical component of the TME. Stimulators of angiogenesis include: vascular endothelial growth factor-A (VEGF-A), transforming growth factor beta (TGF-β), and interleukin-8 (IL-8); while inhibitors include: thrombospondin-1 (TSP-1) and angiostatin. In concert, these molecules normally regulate vessel growth in processes such as development, wound healing and the female reproductive cycle. In tumors, these vessels are co-opted to support the rapid division of tumor cells.
Angiogenesis specifically refers to the sprouting of new blood vessels from existing vasculature [27] . This process typically involves the proliferation of endothelial cells (EC) and migration towards a pro-angiogenic molecule, such as VEGF-A. Vasculogenesis concerns tube formation by EC, and is more typically associated with embryogenesis and development, but may still play a significant role in tumor vascularization. Division and invasion of ECs constitute the bulk of angiogenic relationships within a tumor. However, growth and division of tumor-supporting vessels is disorganized compared to the normal physiologic processes described above. This disorganized process yields vessels that are convoluted, leaky, and considerably more immature than normal vasculature. Vessel leakiness promoted by VEGF, previously known as vascular permeability factor (VPF), not only induces new vessel growth, but also allows for the migration of tumor cells into the vasculature, leading to systemic dissemination [36] . VEGF acts on ECs through a variety of VEGF receptors (VEGFR), but primarily VEGFR1 and VEGFR2. In relation to endothelial cells, VEGFR1 plays a role in cell motility and extravasation, whereas VEGFR2 primarily regulates proliferation and vascular permeability [37] . Numerous therapeutics targeting the ligand and receptor have been studies to mixed results in past clinical trials [38] .
Recent evidence suggests that pericytes, cells in normal tissue that support ECs and mature vessels, are also present in a variety of tumor types, including PCa [39] . The presence of pericytes in the TME suggests that a mature vascular phenotype may be present within the tumor, even though these pericytes are still more susceptible than in normal tissues [40] . Interestingly, it has been suggested that circulating pericytes may come to reside within the tumor and may inhibit tumor cell intravasation; although further investigation into these roles is necessary [40] . Furthermore, targeting of pericytes may be a novel method of inhibiting angiogenesis in PCa [40, 41] . In a model of lung carcinoma, Cascone et al. found that resistance to bevacizumab, a humanized monoclonal antibody binding VEGF-A, was related to increased EGFR signaling in pericytes and an increase in normalized and mature vasculature [42] . Combination of VEGF and EGFR inhibitors reversed this phenotype, inhibiting angiogenesis and prolonging progression free survival, suggesting that pericytes may play a role in angiogenesis and drug resistance. In PCa, targeting of the NG2 proteoglycan on pericytes has been shown to inhibit neovascularization in mouse models [41] .
Bone is the prominent metastatic site for PCa, and the unique vasculature within bone may be partially responsible for this. The presence of sinusoids in trabecular bone may lead to areas of low blood flow allowing for cellular aggregation [43] . Furthermore, the presence of fenestrated capillaries, normally required for the intravasation of developing myeloid cells into the blood, may facilitate extravasation of tumor for tumor cells due to the relatively large pores present (30-40 μm). The establishment of metastatic foci rapidly leads to the requirement of new blood vessels, a proverbial flipping of the "angiogenic switch." Judah Folkman first suggested that tumors are not able to grow past 2 mm 3 without the influx of new vasculature [44] . A reason for this is that tumor cells become hypoxic due to the inability of oxygen to diffuse more than this distance from blood vessels, leading to a decreased partial pressure of oxygen as distance for a vessel increases. Under normoxic conditions, HIF-1α is rapidly ubiquitinated by Von-Hippel Lindau (VHL) factor leading to HIF-1α's degradation [45] . During hypoxia, VHL is hydroxylated, allowing HIF-1α to translocate to the nucleus and bind hypoxic response elements, thus stimulating the production of VEGF and other pro-angiogenic factors. It has been suggested that the "angiogenic switch" in PCa may be governed through CXCL12 and CXCR4 with the downstream regulator phosphoglycerate kinase 1 (PGK1) playing a significant role [46] . Recently, metastasis-associated protein 1 (MTA1) was found to stimulate VEGF production in PCa cells, especially within the bone TME and may be a marker of increase aggressiveness [47] .
The bone microenvironment is unique, and offers specific conditions which may be conducive to PCainduced angiogenesis. For example, it has recently been shown that MMP9 produced by osteoclasts induces vascular development in PCa bone metastases, but does not alter tumor growth or impact the lytic/blastic nature of the lesion [48] . Conversely, it has been shown that MMP9 produced by PCa metastases in the brain did not alter the number of vessels, yet the tumor cells retained their metastatic capabilities [49] . Therefore, the context of the TME plays a substantial role in the regulation of tumor function as the expression of a single molecule in different locations may lead to variable outcomes. Furthermore, differential gene expression based upon metastatic site has been observed, with a significant difference in microvessel density when bone and liver metastases were compared [50] . These effects underscore the importance of the TME in respect to angiogenesis and other tumor properties.
Despite the advance of numerous therapeutics targeting angiogenesis across a number of tumor types, clinical trials of these compounds have typically led to dissatisfying results [38] . One of the first anti-angiogenic therapies was metronomic therapy. Metronomic therapy gives small doses of chemotherapeutics (e.g. dexamethasone and cyclophosphamide) more often (e.g. daily), and has shown some success in treating hormone resistant PCa [51, 52] . Combination of thalidomide, a teratogen which inhibits endothelial cell division, with docetaxel has shown an increase in 18 month overall survival of 68.2% to 42.9% compared to single agent docetaxel [53] . Even though bevacizumab in combination with docetaxel did not lead to a significant prolongation of survival, it has recently been suggested that the addition of thalidomide to this combination may be more efficacious for the treatment of castrate resistant disease [54] . Current clinical trials are focusing on the use of small molecules which target multiple receptor tyrosine kinases and the constituents of their signaling pathways to inhibit angiogenesis and tumor cell proliferation; these studies have been recently summarized [55, 56] . These results suggest that inhibition of angiogenesis may play a role in the inhibition of metastatic PCa.
Prostate Fibroblastic Stroma and PCa
Fibroblasts compose a significant component of the underlying support structure of the prostate tissue. They produce matrix, primarily collagen, which forms the structural framework for epithelial tissue. At least four cellular subtypes have been identified within the fibroblastic component of the stromal tissue microenvironment, and these sub-types likely share common lineage. These include fibrocytes, replication competent fibroblasts, senescent fibroblasts, and myofibroblasts.
Fibrocytes are putative stem/progenitor cells which can generate proliferative/replicative fibroblasts. These, in turn, can continue to replicate, senesce, or differentiate into myofibroblasts [57-60]. Fibrocytes and/or replication competent stromal fibroblasts that endure sub-lethal levels of DNA damage may undergo senescence. Senescence is a physiological cellular state that is non-replicative but metabolically very active. Senescence may be triggered by conditions that produce cellular stress, e.g., exposure to reactive oxygen species, carcinogenic insult, irradiation, etc., or by cells reaching critical levels of telomere shortening and consequent replicative exhaustion. Many studies have shown that senescent cells accumulate in various tissues and organ sites with increasing age in vivo [61, 62] . It is reasonable to expect that this process occurs in the prostate, as well. Senescent fibroblasts are characterized by several changes in cell functions, including increased expression and secretion of inflammatory chemokines. For example, EGF-type growth cytokines and CXC-type chemokines were transcriptionally up-regulated in senescent compared to non-senescent prostate fibroblasts [63] . Moreover, either direct co-culture with, or exposure to, conditioned medium from senescent prostate fibroblasts stimulated the proliferation of cultured PCa cells. In another study, it was shown that senescent fibroblasts derived from lung, foreskin or breast tissues, or prostate stromal fibroblasts forced to undergo senescence, secreted significantly higher levels of many of these same cytokines and chemokines collectively termed 'senescence associated secreted proteins' (SASPs) [58] . Many of these same growth factors and SASPs, particularly CXC-type chemokines, are secreted by aging prostate stromal fibroblasts and stimulate the proliferation of both non-transformed and transformed prostate epithelial cells [64] . Thus, aging-associated senescence of fibroblastic cell types in the stroma may promote the proliferation of adjacent PCa cells.
In addition to undergoing senescence, fibrocytes and/or replication competent stromal fibroblasts can also differentiate into myofibroblasts. Myofibroblasts are contractile cells that express both alpha-smooth muscle actin and collagen [65] . They are transiently produced in many tissues as part of the normal wound response cascade and typically undergo apoptosis at the conclusion of that process [66] . However, myofibroblasts have been described as a persistent component of the stroma in association with malignant prostatic epithelium and, in this context, comprise part of an "activated" or "reactive stroma" [60, 67, 68] and are also called cancer associated fibroblasts (CAF) [69] . LNCaP PCa cells co-cultured with myofibroblasts exhibited a reduced death rate [70] and myofibroblast-rich "reactive stroma" characterizes tumor-and prostate intraepithelial neoplasia (PIN)-associated stroma [60, 67] . These latter studies also suggest that stromal cells immediately adjacent to PIN are induced to differentiate into myofibroblast-rich reactive stroma, and that reactive stroma progresses with the development of PCa. IL-8 (aka CXCL8) has been shown to be sufficient for induction of a replication competent fibroblast to myofibroblast transition [71] , and that over-expression of keratinocyte-derived chemokine, the mouse homologue of IL-8, in mouse prostatic epithelium was sufficient to produce hyperplastic prostate epithelial acini associated with a periacinar reactive stroma [72] . Other studies have shown that, in addition to IL-8, TGF-beta and androgen can induce myofibroblast differentiation [73] and promote transformation of prostate cells in a murine model [74] . Taken together, these studies suggest that multiple stimuli provided by the prostate microenvironment can induce myofibroblast differentiation and accumulation. Perhaps not coincidentally, CXCL8 is a SASP, suggesting that fibroblastic senescence and myofibroblast differentiation may be mechanistically linked in the prostate and perhaps other organs. Further work may elucidate whether carcinoma-associated fibroblasts (CAFs), which have been shown to stimulate tumor progression both in vitro and In vivo [75] , comprise a milieu of senescent fibroblasts and myofibroblasts as well as replicating fibroblasts and fibrocytic progenitor cells.
Bone Marrow Stroma and Osteoblast Niche in PCa
Bone marrow stromal cells (BMSC) and osteoblasts have been shown to modulate PCa activity. Growth of PCa cells with supernatant of BMSC cultures or direct contact with BMSC revealed induction of genes that were modified by either soluble factors, or direct contact or both indicating that there are multiple functions mediated by the BMSC [76] . In a study that looked at the impact of heterotypic direct contact between PC-3 cells and BMSC or an osteoblast cell line, it was found that urokinase plasminogen activator (uPA) was upregulated by both, but not prostate stromal cells indicating some specificity for the impact of BMSC and osteoblasts (both bone microenvironment-derived cells) on PCa [77] . These findings also implicated that BMSC and osteoblasts could enhance invasion through induction of uPA which has been shown to be induced by osteoblasts and enhance invasion [78] . In addition to uPA, TGF-β is produced by osteoblasts and been shown to promote both migration and invasion by PCa cells [79, 80] . In addition to impact on uPA expression, co-culture of human PCa cell lines with bone tissue induced endothelin-1 (ET-1) expression from PCa cells [81] . ET-1 stimulates osteoblast differentiation [82] and prostate-specific antigen (PSA) expression. In light of its protumorigenic effect, investigators have explored blocking ET-1 activity through targeting its receptor. This strategy has been shown to enhance taxane chemotherapy in a mouse model of PCa [83] . In contrast to its impact on osteoblastic activity, ET-1 may inhibit PCa growth through constriction of afferent arterioles [84] . Although preclinical studies suggest that targeting ET-1 activity may impact PCa progression, these findings have not translated clinically. Several phase II and III trials using an inhibitor of the ET-1 receptor (atresentan) that evaluated time to clinical and radiographic progression failed to demonstrate a significant benefit with atrasentan versus placebo [85] . Along these lines, a multi-site phase III, randomized, double-blind, placebo-controlled trial of atrasentan in patients with nonmetastatic hormone refractory PCa was recently completed [86] . The primary endpoint was the time to disease progression (TTP) that was defined as the onset of metastasis. However, no difference in TTP was noted between those receiving atresentan versus placebo. It was noted that there were large differences in TTP among different sites, suggesting that trial conduct may have influenced the results [86] . A new ET-1 receptor inhibitor (zibotentan) with greater specificity than atresentan is currently in phase III clinical trials for hormone refractory PCa [87] . Thus, the overall balance of ET-1's effect on PCa is not clear at this time.
The bone is the most common site for PCa metastasis. To explore the role of the bone on the biology of metastasis Fu et al. determined how osteoblasts influence gene expression in PCa cells. They found that conditioned-media from osteoblasts induced a gene expression pattern in PCa cell lines similar that found in metastatic versus non-metastatic PCa cells [88] . These results suggest that osteoblasts produce soluble factors that contribute to the progression of PCa skeletal metastases, including their transition to an osteoblast-like phenotype. In addition to these pro-metastatic effects, osteoblasts have been shown to protect cells from chemotherapeutics such as adriamycin [89] . Thus, overall osteoblast can contribute to the PCa progression through induction of proliferation, enhancing a metastatic phenotype and protecting PCa cells from therapies.
In addition functioning to promote PCa progression, osteoblasts provide a critical role in initial seeding of PCa tumors into the bone. Osteoblasts compromise an important component of the hematopoietic stem cell (HSC) niche. One function they serve is to attract HSC hematopoietic stem cells to the niche through production of the chemotactic factor stromal-derived factor-1 (SDF-1). SDF-1 binds to its receptor, CXCR4, on the HSC and causing it to localize to the HSC niche. Sun et al. demonstrated that PCa cells use this same osteoblast-derived SDF-1 to localize to the HSC niche [90]. Shiozawa et al. reported that PCa cells compete with HSC for the HSC niche [91] . In a murine model using human PCa cells, they found that manipulating the size of the niche directly impacted the PCa occupancy of the niche and the associated establishment of metastases. Furthermore, the PCa cells induced terminal differentiation of HSC, resulting in their being less competition for the niche binding sites.
Cytokines and PCa
A variety of small soluble proteins are secreted by cells in the TME that can impact PCa growth. These cytokines can then act in a paracrine fashion on tumor cells to stimulate a variety of tumor phenotype activities including proliferation, chemoresistance, prevent apoptosis, enhance motility or invasion, etc. Here we focus on several cytokines implicated in the PCa TME. As there are too many protein factors to describe, we apologize in advance to those whose important work was not included but summarize key factors in Tables 1 and 2 . [92, 93] HGF has been shown to be elevated in men with PCa [94] and in combination with PSA provide an increased confidence of the presence of PCa [95] . Increased HGF pre-surgery was a predictor of lymph node involvement and post-surgical recurrence [96] . Inactivation of the androgen receptor induces c-Met expression [97] . This in turn allowed for c-HGF to induce oxidative stress-mediated DNA damage in PCa cells.
Hepatocyte Grow Factor (HGF)
HGF has been shown to induce PCa proliferation [98] which appears to be mediated, in part, through Transient Receptor Potential Canonical-6 (TRPC6) calcium channels [99] . HGF also promotes scatter and invasion [100, 101] . It promotes scatter through downregulation of E-cadherin [102] . Invasion is mediated by HGF through HGF-induced anterograde lysosome trafficking that is dependent upon the PI3K pathway, microtubules and RhoA, resulting in increased cathepsin B secretion and invasion by the cells [103] . In addition to direct cancer effect, HGF may impact the bone microenvironment through induction of osteoblastic proteins in PCa as HGF upregulates bone morphogenetic protein receptor expression [104] and BMP-7 expression in PCa cells.
In a study to determine c-Met expression in PCa, both mRNA and protein levels of c-Met was determined for prostate tissues from 32 Japanese male subjects [105] . Although there was significantly higher c-Met protein expression in malignant (PCa treated with/without neoadjuvant endocrine therapy) than in non-malignant prostate tissues (normal prostate and benign prostate hyperplasia; BPH), unexpectedly, c-Met mRNA showed high expression in the non-malignant group. Thus, there was no parallelism between mRNA and protein expressions of c-Met. Immunohistochemical localization and expression of c-Met protein was found to be intense in cancer cells and weak in epithelia of normal and hyperplastic prostates.
Several methods to target the HGF:c-Met axis have been explored. Inhibiting HGF activity with NK4, a competitive antagonist composed of an internal fragment of HGF that binds c-Met, diminished tumor growth and invasion of PC-3 PCa cells co-injected with HGF-producing fibroblasts in a murine model [106] . Similarly, use of BMS-777607, a selective small molecule Met kinase inhibitor decreased HGF-induced scattering of PCa cell lines [107] although it had no impact on cell proliferation. It was recently found, using computer-assisted molecular design, that Oleocanthal, a secoiridoid isolated from extra-virgin olive oil, was a potential Met inhibitor [108] . This was confirmed in vitro in PCa cells in which Oleocanthal inhibited phosphorylation of c-Met kinase. Thus, a variety of methods to block HGF activity exist and may be translated into clinical utility.
Interleukin-6
Interleukin-6 (IL-6) is produced by inflammatory cells and osteoblasts and thus has ample opportunity to interact with PCa. There are multiple lines of clinical and experimental evidence that suggest IL-6 promotes PCa progression [109] . Several studies have demonstrated that IL-6 is elevated in the sera of patients with metastatic PCa [110] . For example, serum levels of IL-6 and its soluble receptor were assessed to determine if they could predict biochemical recurrence in radical prostatectomy patients [111] . Mulitivariate analysis reveated that preoperative serum levels of IL-6 higher than 1.2 pg/ml had a significantly increased probability of biochemical recurrence. Although a small study, these results provide the rationale to further evaluate the utility of IL-6 as a prognostic factor. Similar to this finding prediagnostic IL-6 was associated with time to prostate cancer progression/death among healthy weight PCa cases [112] . Overall, the preponderance of evidence suggests that IL-6 is elevated in men with PCa and is related to its clinical outcome.
In addition these clinical observations, in vitro cellular studies have provided evidence that IL-6 modulates PCa cell growth. Chung et al. showed that IL-6 promoted cell growth of hormone-refractory cells, but had no effect on the growth of hormone-dependent cell lines [113] . Addition of exogenous IL-6 to the culture media of LNCaP cells by several groups has resulted in a dose-dependent inhibition of cell growth with development of a neuroendocrine cell phenotype in some cases; whereas in some instances proliferation is increased [113] [114] [115] [116] [117] [118] [119] . The reasons for these differences have not been clarified to date but it appears that IL-6 is only inhibitory to LNCaP cells, but not other PCa cell lines [120] .
In addition to increased cell proliferation contributing to increased tumor volume decreased apoptosis can also promote increased tumor volume. A previous report demonstrated that orchiectomy induced conversion of LuCaP 35 tumors to an AI phenotype [121] . It has been shown that targeting IL-6 with an anti-IL6 antibody promoted apoptosis in AI PC-3 PCa cells growing in mice [122] . IL-6 has been recognized in many different cell systems to have an antiapoptotic effect including PCa cells [123, 124] . In PCa, IL-6 protects against apoptosis through activation of Stat 3 [123] and phosphatidylinositol (PI)-3 kinase [124] . Taken together, the observations that inhibition of IL-6 decreased cell proliferation and increased apoptosis suggests that both IL-6 stimulates both of these processes resulting in an additive effect to promote increased tumor volume in AI tumors.
IL-6 has been suggested to promote other aspects of PCa pathophysiology in addition to proliferation. For example, IL-6 may contribute to the induction of tumorigenesis in the prostate microenvironment. Rojas et al. demonstrated that IL-6, through activation of signal transducer and activator of transcription 3 (STAT3), stimulated autocrine activation of insulin-like type I growth factor receptor (IGF-IR) to confer tumorigenesis [125] . In addition to tumorigenesis, IL-6 has been suggested to induce neuroendocrine differentiation of PCa tumors [115] . Specifically, it was shown that PCa cellproduced BMP6 induced IL-6 expression from TAMs, Osteoblasts As key mediators of bone mineralization, osteoblasts are the effectors that produce bone mineral in response to PCa metastases resulting in the osteoblastic phenotype. Osteoblasts also serve as a target site for docking of PCa cells in the bone microenvironment. They also produce several factors, such as RANKL, SDF and TGF-β that promote chemotaxis, PCa cell growth and osteoclastogensis.
[80, [88] [89] [90] [91] Osteoclasts PCa-mediated induction of RANKL induces osteoclastogenesis. The resulting osteoclast-mediated bone resorption releases a variety of factors from the bone matrix that promote PCa growth. Additionally, osteoclasts produce factors, such as MMP, that can promote angiogenesis.
[ [151] [152] [153] Fibroblasts Fibroblasts produce the support structures, including the bulk of extracellular matrix, for the prostate. In cancer, they may differentiate into a myofibroblast (a cell with characteristics of both fibroblasts and smooth muscle cells). They produce many factors, including IL-6, TGF-β and VEGF that can promote tumor growth. The amount of change to myofibroblasts may be prognostic.
[59, 70, 74, 154, 155] which then promoted neuroendocrine differentiation of PCa cells. Interestingly, IL-6 itself, along with the cytokine CCL2, promotes survival of human CD11b + peripheral blood mononuclear cells and induces M2-type macrophage polarization [126] . In summary, IL-6 can contribute to PCa pathophysiology through multiple mechanisms. Due to the preponderance of literature indicating that IL-6 contributes to PCa progression inhibition of IL-6 was evaluated in a clinical trial. Specifically, a phase II study evaluated the efficacy of a human-mouse chimeric monoclonal neutralizing IL-6 antibody (siltuximab, also known as CNTO 328) in men with androgen resistant PCa that had been treated with one prior chemotherapy with the primary endpoint being prostate specific antigen (PSA) response rate (defined by a 50% reduction of PSA) [127] . The response rate was small (3.8% of 53 men) and no men with measureable disease had a Response Evaluation Criteria in Solid Tumors (RECIST) response. A decline in C-reactive protein suggested that IL-6 was being effectively neutralized. Taken together, these results suggest that IL-6 neutralization in men with advanced androgen resistant disease may not have a significant therapeutic benefit. However, this does not eliminate the possibility that IL-6 neutralization may provide an adjunct benefit to a chemotherapy regimen, especially in light of IL-6's ability to have an anti-apoptotic effect [128] . Based on all the clinical and preclinical evidence for IL-6's role in PCa, further exploration for IL-6 inhibition is warranted; however, its efficacy may greatly depend on the stage of disease or other individualized factors.
Receptor Activator of NFkB Ligand
Osteoblasts promote osteoclastogenesis through expression of tumor necrosis factor receptor family member called receptor activator of NFκB ligand (RANKL). RANKL can be expressed either as a membrane bound molecule or in some instances is cleaved to form a function soluble RANKL peptide [129] . RANKL binds to the transmembrane receptor RANK on osteoclast precursors and initiates osteoclastogenesis [130, 131] . It was demonstrated that RANKL is required for generation of osteoclasts as transgenic rankl −/− and rank −/− mice had no osteoclasts and developed osteosclerotic bones [132, 133] . Osteoprotegrin (OPG) is a soluble glycoprotein that negatively regulates osteoclastogenesis through sequestering RANKL resulting in blocking its interaction with RANK [134] . Thus, the balance between RANKL and OPG determines the extent of bone resorption.
OPG, RANKL and/or RANK expression are dysregulated in a number of cancers in bone, including osteoclastoma [135] and PCa [136] . RANKL expression was identified in the epithelium and stroma of clinical PCa specimens [136] and increasing levels correlate with increased stage of disease [137] suggesting that it can serve as a prognostic factor [138] [142, 143] . Overall, these studies suggest that in bone metastatic tumors, inhibition of the primary resorptive stage may be sufficient to inhibit tumor establishment and halt progression of disease, even in those tumors that have primarily an osteoblastic phenotype. In addition to its ability to promote osteoclastogenesis, RANKL has been shown to interact with RANK on the PCa cells themselves and induce their migration and a prometastatic gene expression [144] . Furthermore, OPG has been shown to be a survival factor through its ability to inhibit TRAIL-mediated apoptosis in PCa cells [145] . Thus, the sum of evidence suggests that targeting RANKL may provide a dual effect of both direct inhibition of pro-metastatic tumor activity in addition to inhibiting tumor-induced bone resorption. These findings have provided the rationale to evaluate the clinical efficacy of targeting RANKL in cancerrelated bone disease.
The lead anti-RANKL compound is a fully human monoclonal IgG(2) antibody that binds RANKL (denosumab) and has been evaluated in several clinical studies. A Phase II study in which as subset of patients had PCa bone metastases demonstrated that inhibition of RANKL activity with denosumab normalizes the typically elevated levels of urinary NTx (a marker of osteoclast activity) [146] . This provided key evidence that PCa patients experience increased bone resorption that was targetable with an osteoclast inhibitor. In a large (n=1,468) multinational, phase III trial in men with PCa who were receiving androgen-deprivation therapy, bone mineral density (BMD) at the lumbar spine was significantly improved from baseline after 24 (primary endpoint) and 36 months of treatment with denosumab relative to that with placebo [147, 148] . A phase III randomized double-blind, double-dummy trial that compared denosumab with zoledronic acid (an anti-osteoclastic bisphosphonate) for prevention of skeletal-related events (SRE: defined as pathological fracture, radiation to bone, surgery to bone, or spinal cord compression) in men with bone metastases from castration-resistant PCa. The primary endpoint was time to first on-study SRE. Denosumab significantly delayed the time to first on-study SRE as well as the time to first and subsequent onstudy SRE. Also denosumab had greater suppression of the bone turnover markers uNTx and bone-specific alkaline phosphatase compared with zoledronic acid. These results demonstrated that targeting RANKL in men with advance PCa has a therapeutic effect and the superiority of denosumab over zoledronic acid in diminishing SREs [149] . Based on these and other preclinical and clinical data, densoumab was given United States Federal Drug Administration approval for treating men with PCa (and breast cancer) bone metastases. Ongoing studies to determine if there is an actual antitumor effect are ongoing, but this question yet remains to be answered.
Conclusions and Future Directions
Multiple host factors contribute to PCa progression in the TME (Fig. 1) . Immune cells, such as Tregs, Th17 and macrophages overall promote PCa progression through direct and indirect mechanisms. The vascular compartment contributes to PCa growth through provision of oxygen and nutrients. Furthermore, PCa cells enhance angiogenesis through attracting EC and promoting their growth in the TME. Similarly, the bone marrow stroma and osteoblasts provide growth factors, chemoattractants, such as SDF-1, and proteins that stimulate invasion, such as uPA. Additionally, the bone microenvironment provides a specialized niche for PCa seeding and growth, which also confers a protective effect against chemotherapy. Finally, cytokines mediate many of the host cells, effects on PCa cells. Proteins such as HGF and IL-6 have pleiotropic actions on PCa cells. These findings drive home the concept that the TME offers a potentially very fertile target for PCa therapy. Future studies directed on host factors, in addition to direct anti-tumor targeting, offer the greatest promise for achieve significant therapeutic gains. 
